.
These carcinogenic azo-compounds form a very interesting group. Unhke the polycyclic aromatic hydrocarbons, they do not, as a rule, produce tumours at the site of injection, but mostly affect the liver. Furthermore, the induction of liver tumours with azo-compounds is markedl influenced bv the dieb, and if a y .1 cc protective " diet is supplied, the production of tumours can be strongly inhibited or even entirely prevented.
All the azo-compounds are, of course, artificial synthetic substances ; and they are highly coloured (mainly orange to red). Some are used as textile dyestuffs, and certain members of the group are used for colouring foodstuffs. For the most part such compounds are probably harmless (Cook, 1948) . Most of the food-colouring matters which have been tested have failed to induce liver tumours in rats; and in any case it is most unlikely that anyone could ever consume enough of an azo-compound in food to have any deleterious effect. Nevertheless the risk remains, a risk which has recently been underlined by the report that benzeneazo-,8-naphthol is a hepatotropic carcinogen when injected subcutaneously in mice (Kirby and Peacock, 1949) .
It has also been suggested that azo-compounds may be responsible for some of the occupational cancers which are found among workers in the dyestuffs industry, and this is a problem which still requires further investigation.
The study of the azo-compounds is of importance in any research into the process and mechanism of carcinogenesis. This review is an attempt to assess the present position in the study of the relationship between chemical constitution and carcinogenic activity in this series.
Hi8torical.
In 1906 Fischer described the atv-pical epithelial proliferation which resulted following the injection of a solution--of scarlet red J; also known as Biebrich scarlet R medicinal) into the ears of rabbits. The growths always receded and never 'became malignant ; nevertheless, this was the first recorded instance of the production of a tumour-like proliferation by a pure chemical compound of any type. At Fischer's suggestion, scarlet red soon came into use to accelerate wound healing.
Not long afterwards it wag found that the active part of the molecule is o-aminoazotoluene JI), also known as 4'-amino-2:3'-azotoluene, as 2':3-dimethyl-4-aminoazobenzene (IIa), and as 2-amino-5-azotoluene (IM). This compound was found to bave an effect on epit-hehal cells similar to that of scarlet red, and it was likewise effective in accelerating healing (Hayward, 1909 ; Stijber, 1909 
Malignant liver tumours in rats were first produced with this compound by Yoshida (1932 Yoshida ( , 1933 Yoshida ( , 1934 and Sasaki and Yoshida (1935) , who administered it by addition to the food. Soon afterwards Shear (1937) found that subcutaneous implantation of the pure solid in pure strain mice also gave transplantable livereelI carcinomas; but no tumours were produced at the site of injection. The carcinogenic activity of o-aminoazotoluene to the livers of mice and rats has been confirmed many times under a variety of experimental conditions (Hartwell, 1941) . To some extent the compound is also carcinogenic towards the bladder (Yoshida, 1935) , and it is interesting that the deaminated compound, namely 2:3'-azotoluene (III), was found to be non-carcinogenic to the liver of the rat, but produced numerous papillomas in the bladder (Otsuka and Nagao, 1936) .
Many derivatives of azobenzene, containing substituent amino-and methylgroups, were tested for carcinogenic activity by Kinosita (1937) . None of these produced cancer of the liver except o-aminoazotoluene, its mono-acetyl-and diacetyl-derivatives, and an isomer of o-aminoazotoluene, namely 4-dimethylaminoazobenzene (IV). The latter compound, which is also known as p-dimethylaminoazobenzene, and as N, N-dimethyl-p-aminoazobenzene, was formerly used as a food-colouring matter under the name of " butter yellow". It was found to be even more active towards rat-liver than o-aminoazotoluene, producing a higher percentage of tumours in a shorter time; but it has since been shown that the relative activities are reversed in mice (Law, 1941 ; Kirby, 1945) . 4-Dimethylaminoazobenzene has been more extensively studied than an other azo-compound y and its carcinogenic activity has been widely confirmed (Hartwell, 1941) .'
The parent compound, 4-aminoazobenzene (V), has usually failed to produce liver tumours (Miller and MiRer, 1948) ; but Kirby (1944 Kirby and Peacock, 1947) (Sasaki and Yoshida, 1935; Kirby, 1945 Miller and Miller, 1948. b, Miller and Baumarm, 1945b . c, Miller, Sapp and Miller, 1949 . d, Crabtree, 1949 . e, Kirby, 1944 Crabtree (1949) under comparable conditions. Only two, 4-amino-2':3-dimethylazobenzene (IX, 4'-amino-2:3 -azotoluene or o-aminoazotoluene) and 2-amino-2':5-dimethylazobenzene (X, 2'-amino-2:5'-azotoluene) induced liver tumours in rats. In mice, however, malignant hepatomas were produced by 4-amino-2':3-dimethylazobenzene (IX), by 2-amino-2':5-climethylazobenzene (X) and also by 4-amino-2:4'-dimethylazobenzene (XI, I -n by the 4 4 -amino-2':4-azotoluene). Slight activity was show -amino-2:3'-dimethyl-and 4-amino-3:4'-dimethyl-azobenzenes (XII and XIII) ; but 2-amino-4':5-dimethylazobenzene (XIV) proved to be innocuous (Table II) .
The positions of the substituent groups are therefore of considerable importance ; but it is clear that an amino-group in the 4-position is not essential for activity of this type. Compound.
-nnium. (ii) Subdituted azobenzenes. Azobenzene itself seems to be entirely inactive as a carcinogen; but activity of various kinds has been demonstrated for many derivatives (Table 111) .
4-Hydroxyazobenzene (XV) produced papillomas in the stomach in rats, and 4-hydroxy-2':3-dimethylazobenzene (XVI) gave papillomas of the bladder. The latter compound has also produced a number of sarcomas at the site of injection in susceptible strains of mice; moreover it seems to have shght activity on the liver of this species (Law, 1941 ; Kirby, 1945) . On the other hand, 4-cWoro-2':3-dimethylazobenzene seems to be, inactive, at least in mice. The parent dimethylcompound, 2':3-dimethylazobenzene (XVII, commonly know-n as 2:3'-azotoluene), produced bladder papillomas when fed to rats in a rice diet (Otsuka and Nagao, 1936) ; but it does seem to be inactive towards the liver (Kirby, 1945) . Law has also reported that it produces sarcomag at the site of injection in susceptible strains of mice.
Kinosita's discovery (1937) that 4-dimethylaminoazobenzene (XVIII) is even more potent in producing liver tumours in rats than o-aminoazotoluene has tended to concentrate attention on the 4-amino-and 4-alkylamino-derivatives of azobenzene, so that very little is known about the effect of other substituents.
As already mentioned, o-aminoazotoluene is a liver carcinogen both for rats and mice, and its monoacetyl-and diacetyl-derivatives have also produced liver tumours in mice.
CHS
CH3
(xim) 4-Aminoazobenzene seems to have trace activity in the rat, and derivatives having methyl-substituents iri the other ring are also either ineffective or only slightly active. 4-Methylamino-and 4-dimethylamino-azobenzenes are, however, moderately pobent carcinogens to rat liver. As a matter of fact it is not surprising that these compounds are approximately equally effective (Giese, MiRer and Baumann, 1945) , because MiHer, Afiller and Baumann (1945) have show-n that 4-dimethylaminoazobenzene is partiaRy demethylated in vivo, and also that 4-methylaminoazobenzene is partially methylated. (4-Aminoazobenzene, however, was not methylated.)
The higher N, N-dialkyl derivatives all seem to be ineffective as carcinogens (Sugiura, Halter, Kensler and Rhoads, 1945) , although 4-diethylaminoazobenzene has also been show-n to be dealkylated to 4-aminoazobenzene in rats (Kensler, Magill, Sugiura and Rhoads, 1946) . References.
Mice.
References. Azobenzene Papillomasofthestomach. 'Papillomasofthebladdder. a, Hartwell, 1941 . b, Kirby, 1944 Kirby and Peacock, 1947. c, Miller and Baumaim, 1945b. d, Sugiura, Halter, Kensler and Rhoads, 1945 . e, Giese, Miller and Baummm, 1945. f, Sugiura, 1948 . g, Kinosita, 1937 , h, Law, 1941 i, Kirby, 1945. j, Mller and Miller, 1948. k, Crabtree, 1949. Carcinogenic activity. MiRer and 3LIler, 1948 . b, Miller, Sapp and Miller, Baumaim, 1945b . e, Miller, Miller and Sapp, 1951 Hartwell, 1941. d, Mller and In the first, the additional substituent is on the same ring as the dimethylaminogroup. Only a few such compounds have been tested, but, with the exception of the 2-fluoro-compound, all have been found to be inactive.
In the second class the additional substituent is attached to the other benzene ring. With the exception of the 2'-hydroxy-and 2'-trifluoromethyl-derivatives which are entirely inactive, the ortho-or 2'-substituted 4-dimethylaminoazobenzenes are all less active than the parent compound. Only the 2'-fluoroderivative has about the same activity.
Among the meta-or 3'-substituted compounds, the hydroxy-and trifluoromethyl-derivatives are again inactive ; the ethoxy-derivative has trace activity ; the nitro-and chloro-derivatives have approximately the same activity as the parent amine; and the 3'-methyl-and 3'-fluoro-derivatives are considerably more effective in producing liver tumours than the unsubstituted 4-dimethylaminoazobenzene.
The para-or 4 substituted derivatives are mostly inactive, or only very slightly active; but the 4'-fluoro-derivative is more effective than 4-dimethylaminoazobenzone itself. The 4'-meth -and 4'-chloro-compounds are onl slightly active, and the 4'-hydroxy-, 4'-nitro-, 4'-trifluoromethyl-and 4'-sulphonic acid derivatives are all completely inactive.
Relatively few di-and tri-substituted derivatives have been tested. It is of some interest, however, that the 3':5'-dimethyl-derivative seems to be inactive (in spite of the fact that mono-methyl substitu-Gion at these positions incrw8m the potency). Other dimethyl-derivatives are also inactive; -so are the 2':4':6-trichloro-and 2':4,':6'-tribomo-compounds.
(iv) Phenylazonaphthalene8and azonaphthalene8.
Many commercial dyestuffs and food-colouring matters fafl into this group. Many of these are sulphonic acid derivatives, which are probably excreted too rapidly to be effective as carcinogens; but some are simple hydroxy-or aminoderivatives. Among-these, special interest attaches to 1-benzeneazo-2-naphthol (XIX), which is a food-colouring matter and which Kirby and Peacock (1949) have shown to be a liver carcinogen in mice. Very closely related to this substance are Sudan 11, Sudan III, and scarlet red, substances which were used in early experiments and shown to promote the heahng of wound tissue. It is also noteworthy that the 1-and 2-naphthalene analogues of 4-dimethylaminoazobenzene, namely 4-dimethylaminophenylazo-I'-naphthalene (XX) and 4-dimethylaminophenylazo-2'-naphthalene (XXI), are inactive in rats (Kinosita, 1940 ; Miqer and Baumann, 1945b (Pigment Bordeaux N) a, Hartwell, 1941. Kennaway, 1940 . g, Maruya, 1938 (v) The influence of the azo-linkage.
This can be studied in two ways : firstly by examining the effect of oxidation at the azo-linkage ; and secondly by progressive replacement of the nitrogen atoms by CH groups.
As to the first method, little has been done. It does appear, however, that 4-amino-2'.:3-dimethylazoxybenzene (XXII), the azoxy-c'ompound corresponding to o-ammoazotoluene, is inactive in rats (Nagao, 1939) . Azoxybenzene and o-azoxytoluene (XXIII) are also inactive (Hartwell, 1941 (Table VI) . N, N-Dimethyl-N'-benzal-p-phenylenediamine (XXIV) and 4-climethylaminobenzalaniline (XXV) (Kensler, Sugiura and Rhoads, 1940) . The decrease appears to be roughly equivalent to the carcinogenicity of the dye. Thus 3'-methyl-4-dimethylaminoazobenzene was most effective, 4-dimethylaminoazobenzene and 4-methylaminoazobenzene were fairly effective, and 2 -methyl-4-dimethylaminoazobenzene, 4'-methyl-4-dimethylaminoazobenzene, o-aminoazotoluene and 4-aminoazobenzene and azobenzene had little or no effect (Griffin and Baumann, 1946) . Griffin and Baumann (1948) conclude that there is an inverse relationship between the rate of tumour development and the level of hepatic riboflavin maintained on any particular dietary regimen. Miller and Miller (1947) lt is reasonable to conclude therefore (i) that the greater the concentration the carcinogen can achieve in the liver, the greater its carcinogenic activity ; and (ii) that a high riboflavin content in the liver reduces the concentration of carcinogen in that organ and hence reduces the tumour incidence.
The effect of the riboflavin may be to hinder the conversion of the azocompound into its carcinogenic derivative (possibly a protein-azo-compound complex) ; or the riboflavin may increase the ability of the liver to detoxify the azo-compound by converting it into simpler non-carcinogenic compounds.
Metabolism of Azo-Compounds. The carcinogenic azo-compounds do not, as a rule, produce tumours at the site of application in rats, but appear to have a more or less specific action on the liver. Some of the compounds do produce tumours in the urinary bladder and tumours at some other sites have also been observed. For example, Lowenhaupt (1949) observed some lymphoblastic lymphosarcomas in rats bearing intrasplenic pellets of 4-dimethylaminoazobenzene. Hoch-Ligeti (1949) obtained primary pancreatic tumours in rats fed 4-dimethylaminoazobenzene, and it seems that the dye can affect other organs if the liver is " protected " by a suitable diet. Nevertheless, the specificity is very striking and is in marked contrast to the carcinogenic polycyclic hydrocarbons such as benzpyrene and methylcholantbrene, which produce tumours at the site of application.
For this reason the metabolism of the azo-compounds is of considerable importance, and it has often been suggested that the azo-compounds are not carcinogenic per se, but that they are converted into active substances in the liver.
Most of the work in this field has been carried out with 4-dimethylaminoazobenzene. This undergoes demethylation in the rat, relatively large amounts of 4-methylaminoazobenzene and 4-aminoazobenzene being recoverable (Kensler, Magill and Sugiura, 1947) . Dealkylation of the diethyl-derivative also occurs (Kensler, Magill, Sugiura and Rhoacls, 1946) . It is also noteworthy that when 4-methylaminoazobenzene is administered, the liver has been found to contain 4-aminoazobenzene and 4-dimethylaminoazobenzene as weU as the mono-methyl compound. On the other hand, when 4-aminoazobenzene was fed, this was the only dye found in the tissues (Miller, MiUer and Baumann, 1945) . Special methods for the determination of these compounds have been devised by MiRer and Baumann (1945a). 4-Dimethylaminoazobenzene also undergoes reductive fission in rats, and p-phenylenediamine, p-aminophenol and their acetylation products have been detected in the urine (Stevenson, Dobriner and Rhoads, 1942) . p-Phenylonediamine and N, N-dimethyl-p-phenylenediamine have been shown to inhibit certain important enzyme systems, and Kensler, Dexter and Rhoads (1942) (Boyland and Brues, 1937) . Evidence of a negative nature is provided by the related 1:2'-azonaphthalene and its transformation products. In this case the azo-compound, and the diamine derived from it, have little or no action on the liver. This diamine yields 1:2:5:6-dibenzcarbazole by prolonged boiling with hydrocliloric acid, and this appears to be almost without carcinogenic action on the liver (Badger, Cook, Hewett, Kennaway, Kennaway and Martin, 1942).
Furthermore, Elson and Warren (1944) have found that when azobenzene is administered to rats, the urine contains n'ot only aniline, but also a water-soluble compound (probably a derivative of hydrazobenzene) which on treatment with dilute acid is converted into benzidine. With 4-dimethylaminoazobenzene it seems that a benzidine type of rearrangement may take, place in vivo even more readily than with azobenzene.
In spite of these successes, it is unfikely that this is the full story. Benzidine rearrangement of the hydrazo-compound (XXXII) resulting from 4-dimethylaminoazobenzene is know-n to give 2:4'-diamino-5-dimethylaminodiphenyI (XXXIII) together with some semidine (XXXIV) (Jacobsen, 1922) ; and the former has been shown to be inactive even when fed at a high level for 10 months. (In this connection, however, it is worth remembering that 4-dimethylaminodiphenyl produces cancer in a variety of organs in the rat (Miller, Miller, Sandin and Brown, 1949) .
The theory is not obviously applicable to other substituted azo-compounds, especially as even closely related compounds often give different types of products in the benzidine reaction. 4-Aminoazobenzene, for example, unhke the 4-dimethylamino-derivative, gives the p-semidine as the major product (Jacobsen, 1922) . Furthermore, M'ller, Miller and Sapp (1951) have found that carcinogeiuc activity can be demonstrated in various substituted compounds which are unlikely to undergo the rearrangement. Only one ofthe five possible benzidine or semidine rearrangements could possibly occur in the case of 2'A'W-trifuoro-4-dimethylaminoazobenzene (which is more potent than the parent amine) ; and this lone possibility involves a semidine rearrangement to the 2-position. The -high activity of the 2-fluoro-derivative makes this possibility very unlikely. MiRer, Miller and Sapp (1951) therefore maintain that although such rearrangements may occur in the metabolism of 4-dimethylaminoazobenzene, it is doubtful if they play any decisive role in carcinogenesis by this dye.
Chemical Constitution and Carcinogenic Activity. Some azo-compounds are known to exist both in cis and transforms ; but the trans form is always the more stable. All the compounds which have been tested for carcinogenic activity appear to have been trans compounds, so that this is the only configura tion which need be considered here.
The structure of tran8 azobenzene itself has been established by analysis of the X-ray diffraction pattern (de Lange, Robertson and Woodward, 1939 Pullman, 1946 ; Pullman, 1947 ; Badger, 1948) . PuRman (1947) 
Unfortunately the available data at present are too few for a really satisfactory examination of this interesting hypothesis. Very few azo-compounds having electron-donating substituents other than alkylamino-groups have yet been examined; and the testing of a further series of unsubstituted compounds such as the phenylazonaphthalenes, azophenanthrenes, and so on, would also be of value.
The evaluation of the electron density at the K' position by experimental methods is also necessary before any satisfactory comparison between electron density and carcinogenic activity can be made.
Hamon (1947) (Hammett, 1940) . This means that in a series of azobenzenes, the electr'on densities at the K' position must be directly related to the substituent constants of the substituents. It should be possible, therefore, to examine the vahdity of the PuUman hypothesis by comparing the carcinogenic activities of, say, a series of 3'-and 4'-substituted 4-dimethylaminoazobenzenes with the substituent constants of the substituents. This is done in Table VIII activity (rats). It should also be possible to examine the validity of the Pullman hypothesis by studying the rate of addition of electrophilic reagents to the K' r.-,gion in a series of carcinogenic and related non-carcinogenic azo-compounds. Other things being equal, the greater the electron density at the nitrogen atoms, the greater the reactivity towards electrophilic reagents. -The peracids are known to be electrophihc reagents (Swern, 1947) , and perbenzoic acid-has therefore been used against a series of substituted azobenzenes, and azona hthalenes Badger and Lewis '1951 ; Badger and Lewis, 1952, unpublished results) Azobenzene, for example, gave azoxybenzene, and azonaphthalenes gave azoxynaphthalenes. Among the non-substituted compounds, the different reaction rates must depend on the fact that the azo-group is not always conjugated with an aromatic ring to the same extent. As ex 'ected, and in agreement with the Pullman hypothegis, electron-releasing subtituents increase the reaction rate, and electronattracting substituents retard the reaction (Table IX) . For example, 4-methoxyazobenzene reacts much more rapidly with perbenzoic acid than azobenzene, and 4-carbethoxyazobenzene reacts more slowly than the unsubstituted compound. Halogenated azobenzenes also react more slowly than azobenzene itself, the inhibitory effect of a halogen in the 4-position being CI>Br>F. In conclusion, although it seems impossible at present to come to any very definite decisioias, recent work has been encouraging, and there is Ettle doubt that future research will yield significant results on the relationship between ch-emical constitution and carcinogenic activity in this class of compound. SUMMARY. 1. Many derivatives of azobenzene produce cancer of the hver when administered to rats and mice on a restricted diet. 
